The geometrical accuracy of multi-pass sheet metal spinning products is crucial in many applications. Aerospace, petroleum, and chemical industries motivated the development of modern spun components of complicated shapes with special functionality, but a substantial research lag exists behind this progress. Due to the localized plastic deformation involved, careful control of dimensions and form is required in spinning procedures. In this study, two sets of experiments were implemented for cup manufacturing using a retrofitted computer numerically controlled (CNC) spinning machine to identify the critical factors affecting product geometry and reveal their influence on the shape accuracy of the spun cups. The first set is a screening experiment to determine the most significant parameters and the second provides the optimum processing conditions affecting cup quality. The feed ratio, number of spin-forming passes, spinning ratio, and lubrication were found to have the most important effect on the geometry of the spun cups. Optimum quality with a higher processing speed (productivity) was achieved under a lubricated condition using a larger number of spin-forming passes at a high feed ratio, diminishing the commonly adopted rule of slow spinning for accurate products and reflecting a significance for state-of-the-art spinning practice. The findings of this paper introduce a basis for a spinning quality database.
Introduction
Sheet metal spinning is one of the oldest forming processes that produce axially symmetric sheet metal parts and can be used to manufacture components that cannot be produced by other processes, such as deep drawing [1] . In the spinning operation, a sheet blank is clamped by a holder against a rotating mandrel and is gradually formed over it with a roller. Generally, the roller traces a path that is used for single or multiple passes until the sheet resembles the mandrel geometry [1, 2] . Different shapes, such as cylindrical, conical, or spherical, can be formed using suitable mandrel geometries and roller traces [3] [4] [5] . The design of roller paths required to make defect-free spun products remains an art [6] . The process can be fully automated by CNC machines, particularly when tight tolerances are necessary [7] . With the CNC programmed machine, there is no need for a highly skilled spinner and operator-related uncertainties along with operator-to-operator variability are eliminated with a high repeatability and accuracy [4] .
Aerospace applications are the driving forces for multi-pass conventional spinning development as a priority operation for manufacturing axisymmetric high strength-to-weight ratio components such as jet engines, satellite nose cones, and propulsion nozzles. In these parts, surface quality and thickness uniformity are critical criteria [8] . The advantageous surface integrity of metal spinning spinning ratios. Kawai et al. [38] recorded better roundness of the spun products of A 1050-O annealed aluminum blanks than those of A 1050-H. Razani et al. [39] observed higher out-of-roundness as the feed rate rises. However, Imamura et al. [40] proved that as the feed ratio increases, the roundness error decreases for higher forming heights. With lower forming heights, a reverse relationship was observed. Valoppi et al. [41] achieved enhanced formability and shape accuracy using highly localized two-sided plastic deformation.
The localized plastic deformation in the process makes it challenging to control dimensions and shape of final products [10] . Till now, the geometrical and surface tolerances database in spinning processes has been either not found or mainly based on expert knowledge [11] . To the best of our knowledge, factors affecting roundness, cylindricity, springback, and product height have not been fully investigated. Most studies in conventional spinning used one pass or multi-pass procedures of up to nine passes, but the effect of number of passes is only focused on wall thickness distribution. A larger number of passes is required to successfully produce more complex geometries. The effect of spinning ratio, original blank thickness, and lubrication, especially on geometrical and dimensional accuracy, is not thoroughly examined. In the present study, two successive designs of experiments are employed to investigate the CNC multi-pass spinning process parameters affecting thickness variation, springback, surface roughness, height, roundness, and cylindericity errors of spun parts.
Materials and Experimental Methods
Circular aluminum blanks A 1050-O are used as the workpiece material for the multi-pass spinning process. The chemical composition of the aluminum blanks is shown in Table 1 . The available thicknesses of the blanks are 2 and 3 mm with a diameter of 240 mm. A retrofitted CNC spinning machine is used in the manufacture of the cylindrical cups. Two mandrel geometries were adopted, one of a 141 mm diameter and the other of a 190 mm diameter. The roller tool is tilted an angle as small as 25 • relative to the original blank surface (Figure 1 ). This small value guarantees minimum geometrical errors and surface defects [25, 36] . The mandrels and roller are made of tool steels D2 and O1, respectively, and hardened to 60 HRC. The roller paths are designed using a CAD software and then transferred to the CNC software-Eding 4.00.46 to generate the G-code required to perform the incremental forming operation. The lubricant used is Vaseline [36] due to its good adherence to the blank surface during the spinning process and relatively lower viscosity. The clearance between the roller tool and the mandrel is set to be equal to the original blank thickness. lower thickness reduction, tight roundness variation, and higher surface quality, and allow high spinning ratios. Kawai et al. [38] recorded better roundness of the spun products of A 1050-O annealed aluminum blanks than those of A 1050-H. Razani et al. [39] observed higher out-of-roundness as the feed rate rises. However, Imamura et al. [40] proved that as the feed ratio increases, the roundness error decreases for higher forming heights. With lower forming heights, a reverse relationship was observed. Valoppi et al. [41] achieved enhanced formability and shape accuracy using highly localized two-sided plastic deformation. The localized plastic deformation in the process makes it challenging to control dimensions and shape of final products [10] . Till now, the geometrical and surface tolerances database in spinning processes has been either not found or mainly based on expert knowledge [11] . To the best of our knowledge, factors affecting roundness, cylindricity, springback, and product height have not been fully investigated. Most studies in conventional spinning used one pass or multi-pass procedures of up to nine passes, but the effect of number of passes is only focused on wall thickness distribution. A larger number of passes is required to successfully produce more complex geometries. The effect of spinning ratio, original blank thickness, and lubrication, especially on geometrical and dimensional accuracy, is not thoroughly examined. In the present study, two successive designs of experiments are employed to investigate the CNC multi-pass spinning process parameters affecting thickness variation, springback, surface roughness, height, roundness, and cylindericity errors of spun parts.
Circular aluminum blanks A 1050-O are used as the workpiece material for the multi-pass spinning process. The chemical composition of the aluminum blanks is shown in Table 1 . The available thicknesses of the blanks are 2 and 3 mm with a diameter of 240 mm. A retrofitted CNC spinning machine is used in the manufacture of the cylindrical cups. Two mandrel geometries were adopted, one of a 141 mm diameter and the other of a 190 mm diameter. The roller tool is tilted an angle as small as 25° relative to the original blank surface (Figure 1 ). This small value guarantees minimum geometrical errors and surface defects [25, 36] . The mandrels and roller are made of tool steels D2 and O1, respectively, and hardened to 60 HRC. The roller paths are designed using a CAD software and then transferred to the CNC software-Eding 4.00.46 to generate the G-code required to perform the incremental forming operation. The lubricant used is Vaseline [36] due to its good adherence to the blank surface during the spinning process and relatively lower viscosity. The clearance between the roller tool and the mandrel is set to be equal to the original blank thickness. The objective of this experimental study is to identify the critical processing parameters affecting product geometry, which can be achieved using a screening design of experiments, and to optimize the shape accuracy of the spun cups based on a second design of experiments (full factorial design). The two designs aim to thoroughly investigate the effect of processing parameters on geometrical accuracy and provide comprehensive guidelines to achieve a high quality spun product.
First Design of Experiments

Factors, Levels, and Responses
A fractional factorial experimental design was employed for factors screening to define the most significant factors affecting the spinning process using Design-Expert 7 software. The design is based on six factors with two levels each ( Table 2) . The two-level fractional factorial design has 2 6-2 runs (IV Resolution) with two replicates for each run (total 32 runs). Resolution IV designs are a good choice for a screening design since the main effects will be clear of two-factor interactions (Design-Expert 7 help). The feed ratio in mm/rev. is the ratio between the feed rate in mm/min. to the mandrel rotational speed in RPM. It varies in these experiments from 0.2 to 1 mm/rev. This range is suitable to avoid wrinkling and cracking failures [9] . The selected mandrel speeds are in the range commonly used in practice and literature. The available sheet thicknesses are 2 and 3 mm. The spinning ratio is the ratio between the circular blank diameter to mandrel diameter. Spinning ratios are selected in the range expected to give defect-free products [9] . The number of passes range covers two limits; the lower limit (10 passes) for minimum wrinkling and no cracking in the high spinning ratio (1.7) cups, and the upper limit (20 passes), which is the maximum available limit for higher reductions in diameter and complex shapes. The tool path configurations for the two spinning ratios; large diameter cups and small diameter cups, are shown in Figure 2 . These roller path profiles were achieved after several experimental trials based on an involute curve in the forward pass and a linear backward pass. The involute path was employed due to its effectiveness in achieving higher spinning ratios with less force, stresses, and wrinkling [9] . The roller path required to produce a sound spun cup is calculated considering a virtual free flange height which equals the real free flange height multiplied by a factor between 1.25 and 1.75. This factor depends on the blank and mandrel dimensions and was determined empirically. The responses evaluated include maximum wall thinning, radial springback, surface roughness value (Ra), and out-of-roundness. Maximum wall thinning is evaluated as a percentage of the original blank thickness. The cup wall thickness was measured using a thickness gauge at equally separated points located on four generatrices spaced 90 • from each other, as shown in Figure 3 . The calculations are based on the minimum thickness value of all points. Springback was evaluated as the radial gap between the cup and the mandrel surface. The cup internal diameter was measured using a Coordinate Measuring Machine (Gage 2000 CMM), and the springback was then calculated based on the mandrel diameter. Surface roughness (Ra) was measured along each generatrix using a Surtronic-2 roughness meter, Figure 3 , and then an average value was obtained for each cup. Out-of-roundness was measured using the CMM on three sections near the cup opening, and then the average value was estimated.
The experimental data were statistically processed using Design-Expert 7 software. ANOVA results for each response were obtained. The significant factors were determined based on the p-values and the main effect diagrams. 
Results and Discussion
The experimental results are listed in Appendix A. Significant factors and interactions-as determined by the ANOVA test results-are illustrated in Table 3 . p-values less than 0.05 indicate significant model terms. Most considered factors and interactions have a significant effect on both maximum thinning and surface roughness. On the other hand, only two factors and one interaction have a significant effect on out-of-roundness.
Maximum wall thinning results are illustrated in Figure 4 . The feed ratio and spinning ratio are the most significant factors, while the number of passes is the least significant. Maximum wall thinning decreases sharply as the feed ratio increases because the roller scans the workpiece with a lower number of revolutions per mm, thus the shearing effect is minimized, which produces lower variation in thickness. This is in agreement with the results obtained by Wang [2] . As the mandrel speed increases, sheet thinning decreases steadily because less shearing effect (large contact area) is dominant at high speeds. This contradicts the findings of Wang and Long [16] who used a higher 
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due to the larger unloading moment at large thickness. On the other hand, as the number of passes increases, the rate of loading per pass decreases, leading to smaller springback. Higher spinning ratios mean a larger flange width, which causes a larger expansion of diameter under unloading, leading to larger springback.
There are two significant interactions between the feed ratio and both mandrel speed and lubrication. At a high mandrel speed, springback increases as the feed ratio increases due to the higher contact area under the roller, which leads to lower plastic deformation and higher elastic recovery. At a low mandrel speed, springback decreases as the feed ratio increases due to the lower contact area, which causes higher plastic deformation and less elastic recovery. Without lubrication, friction is dominant and as the feed ratio increases, the elastic recovery increases, as obtained by Essa and Hartley [17] . With lubrication, springback decreases as the feed ratio increases due to the lower friction and load.
Figure 5. Springback results (Phase I).
Surface roughness (Ra) results are shown in Figure 6 . As the feed ratio increases, the roughness decreases, because at lower feed ratios, the frictional effect is dominant due to the small contact area and then high contact stresses which cause roughening of the surface. This effect is lower at a high feed ratio. On the other hand, as the number of passes increases, roughness increases, due to repeated contact and friction. Increasing the spinning ratio roughens the surface due to the larger width free flange vibrating under the roller, leading to more surface irregularities. With lubrication, the frictional effect is lower, leading to a small value of roughness. The most significant interactions are between the feed ratio and both the number of passes and lubrication. With a lower number of passes, the feed ratio has a negligible effect, but at a higher number of passes, the roughening effect is dominant at a low feed ratio due to repeated frictional contact and roughness is reduced at a high feed ratio due to less frictional effect. With lubrication, the effect of decreasing the feed ratio on surface roughness is limited, but under a dry condition (no lubricant), the roughening effect is higher as the feed ratio decreases because of the high frictional effect. The most severe case was observed under a dry condition (no lubricant), when the minimum feed ratio (0.2 mm/rev.) was There are two significant interactions between the feed ratio and both mandrel speed and lubrication. At a high mandrel speed, springback increases as the feed ratio increases due to the higher contact area under the roller, which leads to lower plastic deformation and higher elastic recovery. At a low mandrel speed, springback decreases as the feed ratio increases due to the lower contact area, which causes higher plastic deformation and less elastic recovery. Without lubrication, friction is dominant and as the feed ratio increases, the elastic recovery increases, as obtained by Essa and Hartley [17] . With lubrication, springback decreases as the feed ratio increases due to the lower friction and load.
Surface roughness (Ra) results are shown in Figure 6 . As the feed ratio increases, the roughness decreases, because at lower feed ratios, the frictional effect is dominant due to the small contact area and then high contact stresses which cause roughening of the surface. This effect is lower at a high feed ratio. On the other hand, as the number of passes increases, roughness increases, due to repeated contact and friction. Increasing the spinning ratio roughens the surface due to the larger width free flange vibrating under the roller, leading to more surface irregularities. With lubrication, the frictional effect is lower, leading to a small value of roughness. The most significant interactions are between the feed ratio and both the number of passes and lubrication. With a lower number of passes, the feed ratio has a negligible effect, but at a higher number of passes, the roughening effect is dominant at a low feed ratio due to repeated frictional contact and roughness is reduced at a high feed ratio due to less frictional effect. With lubrication, the effect of decreasing the feed ratio on surface roughness is limited, but under a dry condition (no lubricant), the roughening effect is higher as the feed ratio decreases because of the high frictional effect. The most severe case was observed under a dry condition (no lubricant), when the minimum feed ratio (0.2 mm/rev.) was combined with the maximum number of passes (20) . A highly roughened surface with the existence of tears and irregularities was noticed compared to the relatively smooth surface under a lubricated condition at the minimum number of passes (10) , as shown in Figure 7 . This phenomenon can be attributed to the high contact stress with high friction leading to surface damage. combined with the maximum number of passes (20) . A highly roughened surface with the existence of tears and irregularities was noticed compared to the relatively smooth surface under a lubricated condition at the minimum number of passes (10), as shown in Figure 7 . This phenomenon can be attributed to the high contact stress with high friction leading to surface damage. Out-of-roundness results are illustrated in Figure 8 . Two factors are significant; number of passes and spinning ratio. As the number of passes increases, the rate of deformation per pass becomes lower, leading to smaller out-of-roundness. Additionally, the more frequently repeated deformation under a higher number of passes causes the cup to have a more regular shape. A higher spinning ratio means more vibrating free large width flange under the roller, which causes out-of-roundness to increase.
There is only one interaction; between the feed ratio and lubrication. Without lubrication, as the combined with the maximum number of passes (20) . A highly roughened surface with the existence of tears and irregularities was noticed compared to the relatively smooth surface under a lubricated condition at the minimum number of passes (10), as shown in Figure 7 . This phenomenon can be attributed to the high contact stress with high friction leading to surface damage. Out-of-roundness results are illustrated in Figure 8 . Two factors are significant; number of passes and spinning ratio. As the number of passes increases, the rate of deformation per pass becomes lower, leading to smaller out-of-roundness. Additionally, the more frequently repeated deformation under a higher number of passes causes the cup to have a more regular shape. A higher spinning ratio means more vibrating free large width flange under the roller, which causes out-of-roundness to increase. Out-of-roundness results are illustrated in Figure 8 . Two factors are significant; number of passes and spinning ratio. As the number of passes increases, the rate of deformation per pass becomes lower, leading to smaller out-of-roundness. Additionally, the more frequently repeated deformation under a higher number of passes causes the cup to have a more regular shape. A higher spinning ratio means more vibrating free large width flange under the roller, which causes out-of-roundness to increase.
There is only one interaction; between the feed ratio and lubrication. Without lubrication, as the feed ratio increases, the stress concentration in the deformed region decreases and metal is predicted to springback, leading to higher out-of-roundness, as observed by El-Khabeery et al. [25] . With lubrication, as the feed ratio decreases, a smaller contact area and then highly deformed wall thickness prevails. As the strain in the thickness direction becomes higher under a lubricated condition, less frictional effect allows metal to flow freely under the roller, resulting in cup wall bulging and larger out-of-roundness. As the feed ratio increases under a lubricated condition, the contact area gets larger and stress decreases, accompanied by lower out-of-roundness. This result breaks the traditional rule reported by Music et al. [9] that slow spinning (low feed rate) is necessary for a more uniform shape.
Referring to Figure 5 , nearly the same trends for both springback and out-of-roundness results are observed for the number of passes, the spinning ratio, and the interaction between the feed ratio and lubrication. This suggests that a relationship exists between springback and out-of-roundness behavior under these conditions. The anisotropy of sheet metal contributes to the springback behavior, leading to more irregularities in the shape of the final cup product and higher out-of-roundness. This variation was observed in the CMM measurements along the perimeter of the cup surface for different angles relative to the sheet rolling direction. to springback, leading to higher out-of-roundness, as observed by El-Khabeery et al. [25] . With lubrication, as the feed ratio decreases, a smaller contact area and then highly deformed wall thickness prevails. As the strain in the thickness direction becomes higher under a lubricated condition, less frictional effect allows metal to flow freely under the roller, resulting in cup wall bulging and larger out-of-roundness. As the feed ratio increases under a lubricated condition, the contact area gets larger and stress decreases, accompanied by lower out-of-roundness. This result breaks the traditional rule reported by Music et al. [9] that slow spinning (low feed rate) is necessary for a more uniform shape. Referring to Figure 5 , nearly the same trends for both springback and out-of-roundness results are observed for the number of passes, the spinning ratio, and the interaction between the feed ratio and lubrication. This suggests that a relationship exists between springback and out-of-roundness behavior under these conditions. The anisotropy of sheet metal contributes to the springback behavior, leading to more irregularities in the shape of the final cup product and higher out-of-roundness. This variation was observed in the CMM measurements along the perimeter of the cup surface for different angles relative to the sheet rolling direction. Based on the stated results and discussion, both the number of passes and spinning ratio have a significant effect on all quality characteristics under investigation. The feed ratio is critical as considered alone and in combination with other processing parameters. It is recommended to include both the feed ratio and number of passes in the next set of experiments. There is no need to include the spinning ratio because the screening experiment results of the spinning ratio (major trends) are satisfying. Furthermore, only major trends are required for the effect of original sheet thickness and lubrication on considered quality characteristics.
Second Design of Experiments
Factors, Levels, and Responses
Based on the screening experiment results, a second design of experiments was implemented to optimize the multi-pass spinning process. A full factorial design was employed to cover all possible combinations between factor levels. Three factors and three levels for each factor were selected ( Table 4) . The three-level factorial design has 3 3 runs, with two replicates for each run (total 54 runs). The factors and levels were determined as appropriate to the results of the screening experiments. All the experimental runs are based on a spinning ratio of 1.26 (large mandrel diameter) and original blank thickness of 2 mm to minimize cup wall thinning, springback, surface roughness, and out-of-roundness, which is the target of this investigation. The feed ratio was significant for maximum thinning, surface roughness, and many interactions. The feed ratio effect was partially masked by the spinning ratio in the screening experiments, which suggests including the feed ratio Based on the stated results and discussion, both the number of passes and spinning ratio have a significant effect on all quality characteristics under investigation. The feed ratio is critical as considered alone and in combination with other processing parameters. It is recommended to include both the feed ratio and number of passes in the next set of experiments. There is no need to include the spinning ratio because the screening experiment results of the spinning ratio (major trends) are satisfying. Furthermore, only major trends are required for the effect of original sheet thickness and lubrication on considered quality characteristics.
Second Design of Experiments
Factors, Levels, and Responses
Based on the screening experiment results, a second design of experiments was implemented to optimize the multi-pass spinning process. A full factorial design was employed to cover all possible combinations between factor levels. Three factors and three levels for each factor were selected ( Table 4) . The three-level factorial design has 3 3 runs, with two replicates for each run (total 54 runs). The factors and levels were determined as appropriate to the results of the screening experiments. All the experimental runs are based on a spinning ratio of 1.26 (large mandrel diameter) and original blank thickness of 2 mm to minimize cup wall thinning, springback, surface roughness, and out-of-roundness, which is the target of this investigation. The feed ratio was significant for maximum thinning, surface roughness, and many interactions. The feed ratio effect was partially masked by the spinning ratio in the screening experiments, which suggests including the feed ratio in the new design to clarify its significance. Levels for the feed ratio were selected to cover the same range for the screening experiment (safe range from wrinkling and cracking failures), including an intermediate level (0.6 mm/rev.), to obtain a thorough knowledge of the material behavior. The number of passes was selected to be ≤10 to optimize the process in terms of the economical aspect (less processing time). The roller pass profiles for four-pass and seven-pass procedures are shown in Figure 9 . The 10-pass procedure was illustrated previously in Figure 2a . Mandrel speed was significant for maximum thinning and two interactions and is expected to influence the cup quality characteristics for the number of passes range ≤10. The same range for mandrel speed was employed in these experiments, including an intermediate level of 494 RPM. All full factorial experiments were performed under a lubricated condition to optimize the process in terms of cup quality characteristics. With lubrication, as concluded from the screening experiments, it is possible to achieve minimum values of cup wall thinning, surface roughness, springback, and out-of-roundness at high feed ratios. This means a high processing speed (productivity) accompanied by a high quality.
The response quality characteristics estimated are maximum cup wall thinning, cup height, springback, surface roughness (Ra), out-of-roundness, and cylindericity error. Wall thinning, springback, and surface roughness were measured using the same procedure employed in the screening experiments. Cup height was measured using a height gauge on eight positions separated 45 • from each other around the cup perimeter. Both out-of-roundness and cylindericity error measurements were performed using the Coordinate Measuring Machine (Gage 2000 CMM) on three sections; near the cup bottom, at mid-height, and near the cup opening. Out-of-roundness was measured for each section separately, while cylindericity error evaluation was based on the entire measurements of the three sections together using the CMM software. The experimental data were fed to Design Expert 7 software. ANOVA tables were obtained and significant factors and interactions were determined. range for the screening experiment (safe range from wrinkling and cracking failures), including an intermediate level (0.6 mm/rev.), to obtain a thorough knowledge of the material behavior. The number of passes was selected to be ≤10 to optimize the process in terms of the economical aspect (less processing time). The roller pass profiles for four-pass and seven-pass procedures are shown in Figure 9 . The 10-pass procedure was illustrated previously in Figure 2a . Mandrel speed was significant for maximum thinning and two interactions and is expected to influence the cup quality characteristics for the number of passes range ≤10. The same range for mandrel speed was employed in these experiments, including an intermediate level of 494 RPM. All full factorial experiments were performed under a lubricated condition to optimize the process in terms of cup quality characteristics. With lubrication, as concluded from the screening experiments, it is possible to achieve minimum values of cup wall thinning, surface roughness, springback, and out-of-roundness at high feed ratios. This means a high processing speed (productivity) accompanied by a high quality. The response quality characteristics estimated are maximum cup wall thinning, cup height, springback, surface roughness (Ra), out-of-roundness, and cylindericity error. Wall thinning, springback, and surface roughness were measured using the same procedure employed in the screening experiments. Cup height was measured using a height gauge on eight positions separated 45° from each other around the cup perimeter. Both out-of-roundness and cylindericity error measurements were performed using the Coordinate Measuring Machine (Gage 2000 CMM) on three sections; near the cup bottom, at mid-height, and near the cup opening. Out-of-roundness was measured for each section separately, while cylindericity error evaluation was based on the entire measurements of the three sections together using the CMM software. The experimental data were fed to Design Expert 7 software. ANOVA tables were obtained and significant factors and interactions were determined. 
Results and Discussion
The experimental data of the full factorial design are presented in Appendix B. Significant factors and interactions are demonstrated in Table 5 . All considered factors and interactions are significant for both maximum wall thinning and cup height. Only two factors and one interaction 
The experimental data of the full factorial design are presented in Appendix B. Significant factors and interactions are demonstrated in Table 5 . All considered factors and interactions are significant for both maximum wall thinning and cup height. Only two factors and one interaction are significant for springback, out-of-roundness, and cylindericity error. Surface roughness only has two significant factors. Contrary to the screening experiments results, the feed ratio has a significant effect on all quality characteristics due to the absence of spinning ratio variation, so the influence of the feed ratio is clearer in the second set of experiments. Also, the number of passes has no significant effect on surface roughness due to the use of lubrication and ≤10 passes in all runs, unlike the screening experiment results, where highly repeated contact and friction are dominant (number of passes ≥10). Maximum wall thinning results are illustrated in Figure 10 . The most significant factor is the feed ratio. It is observed that the increase in feed ratio is accompanied by a significant decrease in maximum wall thinning. As mentioned in Section 3.2, this can be attributed to less shearing effect at high feed ratios. The decrease in maximum wall thinning between 0.2 mm/rev. and 0.6 mm/rev. feed ratios is sharp, while less rate of change in thinning is observed between 0.6 and 1 mm/rev. feed ratios. The effect of number of passes on maximum thinning is pronounced for number of passes ≤7. A steep reduction in thinning is noticed as the number of passes increases from four to seven. At a lower number of passes, the deformation rate per pass is high, leading to larger thinning due to higher induced tensile radial stress. As the number of passes increases, the rate of deformation decreases, resulting in less thinning. There is almost no change in the thinning value between seven and 10 passes, although there is a tiny change (higher thinning) at 10 passes due to more repeated deformation. A slight increase in thinning is noticed between mandrel speeds 191 and 494 RPM, while a significant decrease is dominant over 494 RPM, reaching a minimum at 790 RPM. Three significant interactions are represented in Figure 10 . Minimum wall thinning is found to be at the maximum feed ratio with maximum spin-forming passes, while maximum thinning is observed at the minimum feed ratio with minimum spin-forming passes. Minimum thinning is noticed at the maximum feed ratio with both mandrel speeds 191 and 790 RPM, while maximum thinning is found to be at the minimum mandrel speed with the minimum feed ratio. Minimum thinning is found to be at seven spin-forming passes with the maximum mandrel speed. Comparing Figure 10 with Figure 11 , it is observed that the cup height trend is almost the same as the maximum wall thinning trend. This suggests a relationship between cup height and wall thinning. The increase in cup height can be attributed to the thinning action accompanied by metal flow in front of the roller in the radial direction towards the cup opening. Thinning of the cup wall is compromised by an increase in cup height to maintain the material volume constant. An experiment was conducted to prove this behavior based on four incremental manufacturing stages of a cup produced using four spin-forming passes, as shown in Figure 12 . The wall thickness is reduced after each forward pass. The region of maximum thinning after each pass moves towards the cup opening as the spinning process progresses due to metal flow in the radial direction. It is observed that the radial distance increases after each pass, leading to an overall increase in cup height at the end of the process. The maximum thinning rate is found to be at the final pass due to the sizing effect. Additionally, the material thickness decreases exponentially in the fourth pass compared to the third pass owing to the high tensile deep drawing effect during the fourth pass along with high rate of deformation. As a result, cup height increases as the maximum wall thinning increases. Almost a reverse relationship is pronounced between cup height and the processing parameters. The maximum cup height is achieved at the minimum feed ratio, minimum spin-forming passes, and minimum mandrel rotational speed, while the minimum cup height is found to be at the maximum feed ratio, intermediate spin-forming passes, and maximum mandrel speed. Comparing Figure 10 with Figure 11 , it is observed that the cup height trend is almost the same as the maximum wall thinning trend. This suggests a relationship between cup height and wall thinning. The increase in cup height can be attributed to the thinning action accompanied by metal flow in front of the roller in the radial direction towards the cup opening. Thinning of the cup wall is compromised by an increase in cup height to maintain the material volume constant. An experiment was conducted to prove this behavior based on four incremental manufacturing stages of a cup produced using four spin-forming passes, as shown in Figure 12 . The wall thickness is reduced after each forward pass. The region of maximum thinning after each pass moves towards the cup opening as the spinning process progresses due to metal flow in the radial direction. It is observed that the radial distance increases after each pass, leading to an overall increase in cup height at the end of the process. The maximum thinning rate is found to be at the final pass due to the sizing effect. Additionally, the material thickness decreases exponentially in the fourth pass compared to the third pass owing to the high tensile deep drawing effect during the fourth pass along with high rate of deformation. As a result, cup height increases as the maximum wall thinning increases. Almost a reverse relationship is pronounced between cup height and the processing parameters. The maximum cup height is achieved at the minimum feed ratio, minimum spin-forming passes, and minimum mandrel rotational speed, while the minimum cup height is found to be at the maximum feed ratio, intermediate spin-forming passes, and maximum mandrel speed. Springback results are shown in Figure 13 . The most significant factor is the number of passes. The results are generally in agreement with the screening experiment results under a lubricated condition. As the feed ratio increases, the springback decreases due to the lower frictional load. Maximum springback is observed at the minimum number of passes due to the higher rate of loading, as mentioned before. A sharp decline of springback is noticed between four and seven spin-forming passes due to the steep fall in loading rate. Only one interaction is significant; between the feed ratio and mandrel speed. Maximum springback is found to be at the minimum mandrel speed and minimum feed ratio due to the lower contact area and then higher stress concentration, Springback results are shown in Figure 13 . The most significant factor is the number of passes. The results are generally in agreement with the screening experiment results under a lubricated condition. As the feed ratio increases, the springback decreases due to the lower frictional load. Maximum springback is observed at the minimum number of passes due to the higher rate of loading, as mentioned before. A sharp decline of springback is noticed between four and seven spin-forming passes due to the steep fall in loading rate. Only one interaction is significant; between the feed ratio and mandrel speed. Maximum springback is found to be at the minimum mandrel speed and minimum feed ratio due to the lower contact area and then higher stress concentration, Springback results are shown in Figure 13 . The most significant factor is the number of passes. The results are generally in agreement with the screening experiment results under a lubricated condition. As the feed ratio increases, the springback decreases due to the lower frictional load. Maximum springback is observed at the minimum number of passes due to the higher rate of loading, as mentioned before. A sharp decline of springback is noticed between four and seven spin-forming passes due to the steep fall in loading rate. Only one interaction is significant; between the feed ratio and mandrel speed. Maximum springback is found to be at the minimum mandrel speed and minimum feed ratio due to the lower contact area and then higher stress concentration, leading to more metal flow a under lubricated condition which causes cup diameter expansion due to elastic recovery. Minimum springback is observed at the maximum feed ratio combined with lower mandrel speeds due to higher plastic deformation and less elastic recovery.
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Figure 13. Springback results (Phase II).
Surface roughness results are illustrated in Figure 14 . The most significant factor is the feed ratio. Comparing Figure 14 with Figure 6 , it is observed that the feed ratio effect is reversed for the range of passes ≤10 (second set of experiments) relative to the range ≥10 passes (screening experiments) and the surface roughness values are considerably lower due to lubrication and the smaller number of passes used. Lower surface roughness is observed for a small feed ratio due to small spaced tool marks. As the feed ratio increases, tool marks are largely spaced and then roughness increases. This is in agreement with the findings obtained by Chen et al. and El-Khabeery et al. [3, 25, 32] . A similar trend was noticed for the mandrel speed effect on surface roughness. As the mandrel rotational speed increases, surface roughness increases due to the higher rate of deformation, resulting in more surface irregularities, as noticed by Udayani et al. [37] . This behavior is more pronounced at lower mandrel speeds between 191 and 494 RPM. Out-of-roundness results are illustrated in Figure 15 . It is observed that out-of-roundness is higher near the cup opening. This is due to the springback effect, which causes the cup diameter to expand. The expansion in cup diameter is larger towards the open end of the cup. This leads to the increasing trend of out-of-roundness from bottom to opening, as shown in Figure 15a ,b. The trend of out-of-roundness is similar to the trend of springback in terms of both the feed ratio and number of passes. As both the feed ratio and number of passes increase, out-of-roundness decreases, which is the same finding for the screening experiments under a lubricated condition, as shown previously in Figure 8 . Mandrel rotational speed was found to be significant for the near cup bottom out-of-roundness. Minimum out-of-roundness is observed at the maximum mandrel rotational Surface roughness results are illustrated in Figure 14 . The most significant factor is the feed ratio. Comparing Figure 14 with Figure 6 , it is observed that the feed ratio effect is reversed for the range of passes ≤10 (second set of experiments) relative to the range ≥10 passes (screening experiments) and the surface roughness values are considerably lower due to lubrication and the smaller number of passes used. Lower surface roughness is observed for a small feed ratio due to small spaced tool marks. As the feed ratio increases, tool marks are largely spaced and then roughness increases. This is in agreement with the findings obtained by Chen et al. and El-Khabeery et al. [3, 25, 32] . A similar trend was noticed for the mandrel speed effect on surface roughness. As the mandrel rotational speed increases, surface roughness increases due to the higher rate of deformation, resulting in more surface irregularities, as noticed by Udayani et al. [37] . This behavior is more pronounced at lower mandrel speeds between 191 and 494 RPM. leading to more metal flow a under lubricated condition which causes cup diameter expansion due to elastic recovery. Minimum springback is observed at the maximum feed ratio combined with lower mandrel speeds due to higher plastic deformation and less elastic recovery.
Surface roughness results are illustrated in Figure 14 . The most significant factor is the feed ratio. Comparing Figure 14 with Figure 6 , it is observed that the feed ratio effect is reversed for the range of passes ≤10 (second set of experiments) relative to the range ≥10 passes (screening experiments) and the surface roughness values are considerably lower due to lubrication and the smaller number of passes used. Lower surface roughness is observed for a small feed ratio due to small spaced tool marks. As the feed ratio increases, tool marks are largely spaced and then roughness increases. This is in agreement with the findings obtained by Chen et al. and El-Khabeery et al. [3, 25, 32] . A similar trend was noticed for the mandrel speed effect on surface roughness. As the mandrel rotational speed increases, surface roughness increases due to the higher rate of deformation, resulting in more surface irregularities, as noticed by Udayani et al. [37] . This behavior is more pronounced at lower mandrel speeds between 191 and 494 RPM. Out-of-roundness results are illustrated in Figure 15 . It is observed that out-of-roundness is higher near the cup opening. This is due to the springback effect, which causes the cup diameter to expand. The expansion in cup diameter is larger towards the open end of the cup. This leads to the increasing trend of out-of-roundness from bottom to opening, as shown in Figure 15a ,b. The trend of out-of-roundness is similar to the trend of springback in terms of both the feed ratio and number of passes. As both the feed ratio and number of passes increase, out-of-roundness decreases, which is the same finding for the screening experiments under a lubricated condition, as shown previously in Figure 8 . Mandrel rotational speed was found to be significant for the near cup bottom out-of-roundness. Minimum out-of-roundness is observed at the maximum mandrel rotational Out-of-roundness results are illustrated in Figure 15 . It is observed that out-of-roundness is higher near the cup opening. This is due to the springback effect, which causes the cup diameter to expand. The expansion in cup diameter is larger towards the open end of the cup. This leads to the increasing trend of out-of-roundness from bottom to opening, as shown in Figure 15a ,b. The trend of out-of-roundness is similar to the trend of springback in terms of both the feed ratio and number of passes. As both the feed ratio and number of passes increase, out-of-roundness decreases, which is the same finding for the screening experiments under a lubricated condition, as shown previously in Figure 8 . Mandrel rotational speed was found to be significant for the near cup bottom out-of-roundness. Minimum out-of-roundness is observed at the maximum mandrel rotational speed (790 RPM). This is due to the limited effect of the single point roller tool as the mandrel speed increases. The indentation points come closer to each other as the rotational speed increases. There is a fluctuation in the roundness behavior, as shown in Figure 15c , with the maximum roundness error at 494 RPM. The significant interaction between the feed ratio and number of passes is illustrated in the contour plot (Figure 15d) . Maximum out-of-roundness (near cup opening) was observed at the minimum feed ratio combined with the minimum number of passes due to the largest rate of deformation and metal flow at this condition. Cylindericity error results are presented in Figure 16 . The cylindericity error trend is similar to the out-of-roundness trend because they are almost controlled by the same conditions. It is found that the values of cylindericity error are larger than that of maximum out-of-roundness of the cups. This suggests a slight curvature in the axis of the cup, which causes such a condition. This can be attributed to the bending action of the single point roller tool, which only makes contact with the workpiece from one side. The contour chart illustrates the significant interaction between the feed ratio and number of passes. Maximum cylindericity error is found at the minimum feed ratio and minimum number of passes. 
Conclusions
In this investigation, two series of CNC multi-pass spinning experiments were performed in order to study the effect of significant parameters on the geometrical accuracy of produced cups. The following main concluded points can be established:
• With lubrication, it is possible to obtain minimum cup wall thinning, small springback, more uniform roundness, and cylindericity at a high feed ratio, which implies a high processing speed (productivity) associated with higher quality principally using a larger number of spinning passes. This finding breaks the rule that slow spinning is fundamental to acceptable quality, and assures the prospective features of cutting-edge spinning technology for both large and small size parts.
• Achieved levels of minimum wall thinning find applicability in high-pressure vessels.
• Larger product heights are essential for better material utilization in satellite nose cones and can be obtained at a low feed ratio and small number of passes.
• A compromise between wall thinning and product height is required to optimize both quality characteristics simultaneously.
•
Obtained surface finish values are particularly advantageous to aerospace bearing cages, especially at small spinning ratios.
• There seems to be a direct relationship between springback and roundness of the spun cups due to the sheet metal anisotropy.
It is recommended to examine the use of two roller tools on opposite sides for the straightness of the spun cup axis. 
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Conclusions
•
Larger product heights are essential for better material utilization in satellite nose cones and can be obtained at a low feed ratio and small number of passes.
A compromise between wall thinning and product height is required to optimize both quality characteristics simultaneously.
There seems to be a direct relationship between springback and roundness of the spun cups due to the sheet metal anisotropy.
It is recommended to examine the use of two roller tools on opposite sides for the straightness of the spun cup axis.
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